Abstract: A single taper-based fiber modal interferometer with magnetic fluid integrated, which can have responses of dip wavelength and extinction ratio on the external magnetic field and temperature changes, is demonstrated. Within the magnetic field range from 50 to 100 Oe, the measured sensitivities are 88 pm/Oe and −0.1419 dB/Oe for dip wavelength and extinction ratio, respectively, and within the temperature range from 30 to 80°C, the sensitivities are −282.67 pm/°C and −0.0528 dB/°C for dip wavelength and extinction ratio, respectively. A full analysis to the sensing mechanism is given and experimental results can verify the concepts of the device. The presented structure is featured with simplification, easy fabrication, and high sensitivity and should have potential applications in simultaneous magnetic field and temperature measurements.
Introduction
Optical fiber magnetic field sensors have been extensively studied for the scientific and industrial applications due to their advantages such as light weight, large sensitivity, and high integration to the fiber optic system. Magnetic fluid (MF) is a special liquid that exhibits many magnetooptical properties, such as Faraday effects, tunable refractive index, field-dependent transmission, birefringence, nonlinear optical effect, and changeable volume [1] - [7] . Magnetic field sensors can be realized by integrating high-fluidity MF to the functional optical fiber devices, such as fiber Bragg/long-period gratings [8] , [9] , tilted gratings [10] - [12] , interferometers [13] - [15] , and photonic crystal fibers [16] - [20] . However, the conventional fiber devices in forms of, e.g., gratings and interferometers, commonly have relatively low sensitivity due to their small evanescent mode fields. Higher sensitivity can be obtained with the complicated etching technique. Although the photonic crystal fiber is promising, the fabrication cost is relatively high. What's more, infiltrating MF into the structures and fusion splicing the fibers are not easy. In recent years, microfiber devices with the diameter in the micrometer scale have received much attention due to their compactness, large evanescent field effect, high optical confinement, good physical property, and low cost. Many efforts have been made to fabricate microfiber-based magnetic field sensors utilizing microfiber knot resonators [21] , couplers [22] , interferometers [23] , [24] , etc. Generally, the fabrication processes for those microfiber resonator or coupler configurations are relatively complex [21] , [22] . Comparatively, the taper-based modal interferometers can possess the advantages of simplicity, easy fabrication, and robustness [23] - [27] . Moreover, the sensitivity can be higher as the MF index is changeable with the magnetic field [3] , [4] , [25] .
On the other hand, temperature is an important parameter that may need to be measured in realword applications. It can be detected by using optical fiber gratings [28] , interferometers [29] , [30] , liquid-infiltrated photonic crystal fibers [31] , and so on. Recently, Miao et al. [32] have reported a transmission power thermal-tunable photonic device using a microstructure fiber with MF infiltrated, which can be used as an intensity-based temperature sensor. Besides, it should be noted that the temperature change may introduce considerable impact on the performance of magnetic field measurement with a cross effect [15] , [16] . In many practical situations, the magnetic field and temperature are required to be simultaneously measured. Some techniques have been reported to achieve it by using an MF-filled F-P cavity cascaded with a fiber Bragg grating [33] and a dual S-bend fiber interferometer with a fiber Bragg grating [34] . Those configurations are relatively complicated due to use of two independent functional fiber devices. Another method by measuring shifts of two interference dips of fiber taper has been proposed, but the measurement error should be quite large since the sensitivities of dips exhibit similar to each other [35] .
In this paper, with a single taper-based fiber modal interferometer and magnetic fluid, we investigate the responsivities of dip wavelength and extinction ratio to the external magnetic field and temperature. A full analysis to the sensing mechanism is given and experimental results can verify the concepts of the device. This research suggests a possibility for simultaneous measurement of magnetic field and temperature by monitoring the output characteristics of the spectrum. The presented sensor is featured with easy fabrication, high sensitivity, and robustness. Fig. 1(a) shows the configuration of the optical fiber sensor which contains an abruptly tapered fiber modal interferometer and magnetic fluid glue-sealed inside a capillary tube. The interferometer is fabricated by locally heating and drawing a double cladded single-mode fiber (manufactured by Coractive, UVS-INT) by use of the fiber tapering technique [36] . The achieved structure consists of a uniform microfiber with a micrometer-scale diameter connected to the untapered fiber via two transition regions. Since the diameter of transition regions varies dramatically to break the adiabaticity, the modal coupling occurs mainly between the fundamental HE 11 mode and the HE 12 mode because they have the similar azimuthal symmetry and the smallest phase mismatch [25] - [27] . When the incident light beam is split into the HE 11 and HE 12 modes at one transition region, they experience different effective indices and transmit through the microfiber. Interference is given by combining the two interacting modes at the other transition region. We subsequently package the modal interferometer into magnetic fluid (an aqueous solution of EMG705 with a concentration of ∼10%) and protect them by a capillary tube, as shown in Fig. 1(a) . A broadband light source (BBS, Golight 1250-1650 nm) and an optical spectrum analyzer (OSA, Yokogawa AQ6370D) are used to measure the interference spectrum of the sensor. In our experiment, the taper length, the microfiber diameter, and the capillary tube diameter are ∼20 mm, ∼10 μm, and ∼150 μm, respectively. As the tapered fiber is placed into the aqueous magnetic fluid inside the capillary, the wavelength spacing between the interference fringes is broadened [23] - [25] , and the transmission loss is increased (typically by 3-5 dB). We have used an ultraviolet-curing glue (Kafuter, Guangdong Hengda New Materials Technology Co., Ltd., China) for the sealing of the device. It has been observed that the interference spectrum is almost unchanged after the usage of the glue. Fig. 2 gives the transmission spectrum of the fabricated sensor. The measured spacing between interference fringes is around 11.24 nm and the insertion loss is around 4.25 dB. Extinction ratio up to ∼18 dB is obtained.
Sensor Configuration and Principle
Magnetic fluid (MF), which is basically composed of ferromagnetic nanoparticles, surfactant, and water, can be highly magnetized by external magnetic field. Fig. 1 (b)-(f) indicate the microscopic views of our MF at dissimilar magnetic fields of 0, 40, 80, 130 and 200 Oe, respectively. When there is no magnetic field, the ferromagnetic nanoparticles are dispersedly distributed in the liquid. But when a magnetic field is applied, the nanoparticles agglomerate to form chains with the magnetization effect. The length of the chain-like ferromagnetic structures tend to increase with the increasing of magnetic field, as shown in Fig. 1(b)-(f) . Such an agglomeration process might slow down because of saturation as the magnetic field is sufficiently large. This agglomeration may lead to the change of MF optical properties and thereby the output spectrum of the fiber modal interferometer varies due to the interaction between the evanescent mode field and the surrounding material.
Magnetic field and temperature are the two major factors which may alter the refractive index of MF. From Langevin function [4] , [33] , the change of MF refractive index can be related to the magnetic field and temperature variations by a simplified form:
where n mf is the change of MF refractive index; K H and K T are the sensitivities of MF refractive index of magnetic field and temperature, respectively; and H and T are the variations of magnetic field and temperature, respectively. As shown in Fig. 1 , the uniform microfiber can confine light by total internal reflection due to the index contrast between the fiber material and the surrounding fluid. The fraction of the evanescent mode field in the liquid to a great extent determines the device responsivities to the magnetic field H and temperature T. For example, considering the microfiber with a typical diameter of 10 μm and the MF refractive index of 1.33, we can calculate the evanescent mode field fractions of η 1 = 0.7% and η 2 = 4.7% for the fundamental HE 11 mode and the higherorder HE 12 mode, respectively. The higher order mode normally has a larger evanescent field than the lower-order mode [25] - [27] . As a result, as the MF refractive index increases, the higher-order mode corresponds to a larger increment of effective index compared to the lower-order mode, which induces a decrease in the index difference n = n eff1 − n eff2 , with n eff1 and n eff2 the effective indices for the lower and higher order modes, respectively. As shown in Fig. 1 , the phase difference for the interfering two modes traveling over a distance of L is given by = (2π/λ) nL, where λ is the wavelength. Then, the transmittance of light is expressed as = cos 2 ( /2) [25] . To simplify the analysis, we assume ξ = H or T representing the magnetic field strength and temperature, respectively. By taking small variations of ξ and λ, i.e., δξ and δλ, from
, we obtain the change of the phase difference with δ = (2π/λ 2 )L[λ( n/ξ)δξ−Гδλ], where Г = n−λ n/λ representing the dispersion factor of index difference between the modes. The sensitivity of wavelength can be obtained with δ = 0 and represented by the following form:
It is shown that the wavelength responsivity is in proportion to the wavelength λ, the change rate of mode index difference with the MF index: d n/dn mf , and the change rate of MF index with ξ: dn mf /dξ, and in reverse proportion to the dispersion factor . For the microfiber with a diameter of around 10 μm, we in general have < 0 [25] . The MF refractive index increases with an increase of magnetic field [3] , [4] , which leads to a redshift of the interference spectrum from equation (1) . On the other side, considering the negative thermo-optical coefficient of MF [4] , [33] , the refractive index slightly drops with an increase of temperature, leading to the blueshift of the spectrum. Note that extreme sensitivity dλ/dξ can be achieved as approaches zero [25] . From equations (1) and (2), the relation between the interference spectrum, magnetic field, and temperature can be simplified to
where λ is the shift of the interference spectrum, and K WH and K WT are the sensitivities of wavelength of magnetic field and temperature, respectively. The variation of extinction ratio of interference fringes is mainly dependent on the change of transmission loss of light upon the external magnetic field or temperature [18] , [32] . The higher-order mode normally has the higher transmission loss due to its larger evanescent mode field compared to the lower-order mode. As previously discussed, when the external magnetic field or temperature varies, the propagation characteristics of the microfiber, including both the effective mode index and the absorption/scattering loss, change accordingly [18] , [32] . We assume optical intensities I 1 = i 1 exp(−α 1 · L ) and I 2 = i 2 exp(−α 2 · L ) for the lower order HE 11 mode and the higher-order HE 12 mode, respectively, where α 1,2 is the attenuation coefficient of modes and L is the propagation length. The relative attention coefficient is α = α 2 − α 1 , with α 1 < α 2 . For the general two-beam interference system, the extinction ratio in dB is given by V = 10 · lg [(I 1/2
. The extinction ratio reaches the maximum for I 1 / I 2 ∼ 1. The V value decreases with an increase of |I 1 / I 2 − 1|. By performing a Tailor expansion to the above relation, we obtain V = 10 · lg
It is clear that the extinction ratio varies almost linearly upon changes of the α value. The absolute changing rate is (40L /ln10) [ 
and is reversely proportional to the magnitude of |i 1 − i 2 |. For the case of i 1 > i 2 , the V value decreases with an increase of α and vice versa. The unbalance changes of the two interfering modes give rises to the variation of V. Similar to (3), the extinction ratio of the interference fringes responses to both the applied magnetic field and temperature can be expressed as
where V is the variation of the extinction ratio, and K VH and K VT are the sensitivities of extinction ratio of the magnetic field and temperature, respectively. Based on above analysis, if the wavelength shift λ and the extinction ratio variation V are known, H and T can be derived by the following matrix [33] - [35] :
Experiments and Discussions
To measure the magnetic field sensitivity, the electromagnets is used to apply the magnetic field perpendicularly to the axis of the fiber taper. The strength of the magnetic field is modified by a tunable voltage source and measured by a Tesla meter with a resolution of 0.1 Oe at the room temperature (∼30°C). Fig. 3(a) records the transmission spectra of the sensor at different magnetic field strengths and Fig. 3(b) records both the variations of the dip wavelength and the extinction ratio with the magnetic field within a range of 0-150 Oe, around 1550 nm. The refractive index of MF increases with an increase of magnetic field, which induces a redshift of the dip wavelength as demonstrated in (1) . The best sensitivity is achieved for a magnetic field range of 50-100 Oe, within which the dip wavelength redshifts almost linearly with an increase in magnetic field with a coefficient of 88.0 pm/Oe (with R 2 value of 0.9960). At the lower or higher value of magnetic field, the sensitivity becomes small from Fig. 3(b) , and it is down to 12.38 pm/Oe at 0 Oe and 10.08 pm/Oe at 150 Oe. When the magnetic field is sufficiently high beyond 150 Oe, the sensitivity may decrease to a very low value due to the saturation of MF magnetization as previously demonstrated. Considering a 2π variation from the phase difference , similar to equation (2), the wavelength spacing (P) between the interference fringes can be expressed as P = λ 2 /( · L ). The value of P may also be varied together with Г with the change in magnetic field. In our experiment, however, this variation is quite small and can be approximately omitted, as shown in Fig. 3(a) . On the other side, the application of magnetic field increases the absorption/scattering loss of MF [19] , [33] . The higher-order HE 12 mode with the larger evanescent field has a larger loss increment than the lower-order HE 11 mode, leading to the increase of the relative attenuation coefficient α and thus the decrease of extinction ratio V, as demonstrated in (4). The best sensitivity achieved is −0.1419 dB/Oe (with R 2 value of 0.9934) within the magnetic field range of 50-100 Oe, and it is down to −0.0117 dB/Oe at 0 Oe and −0.0146 at 150 Oe similar to the behavior of the dip wavelength as shown in Fig. 3(b) . From Fig. 3(b) , the experimental data are fit with the modified Langevin function with a high goodness-of-fit coefficient R 2 value. The temperature sensitivity is measured by placing the interferometer into an air oven and the oven's temperature is modified from 30°C to 80°C by an electric circuit, without applying magnetic field. Fig. 4(a) plots the transmission spectra at different temperatures and Fig. 4(b) details both the dip wavelength and the extinction ratio as functions of temperature. It is shown that the dip wavelength gradually blueshifts due to the decrease of MF refractive index with an increase of temperature [4] , [33] . By performing a linear fitting to the experimental data, we obtain a Fig. 3(b) , a 1°C increase in temperature equivalently corresponds to a −3.21 Oe decrease in magnetic field to obtain the same wavelength variation. On the other hand, the extinction ratio decreases slightly with the increasing of temperature from Fig. 4 , which can be attributed to the fact that the MF absorption/scattering loss increases with temperature [34] . Since the higher-order mode has a larger evanescent field effect than the lower-order mode, it has a larger increment of transmission loss with increasing temperature, which causes the decrease of V as discussed in (4) . Performing linear fitting to the measured data produces a sensitivity of −0.0528 dB/°C. The fluctuation of the extinction ratio is mainly arisen from the noise level of the optical spectrum analyzer and can be diminished by improving the noise-signal ratio of the device. Considering the magnetic field coefficient of −0.1419 dB/Oe as indicated in Fig. 3(b) , a 1°C increase in temperature equivalently corresponds to a 0.37 Oe increase in magnetic field to obtain the same extinction ratio change. The extinction ratio has a higher responsivity to magnetic field than to temperature.
From above analysis, the sensor device responses to the magnetic field and temperature with different sensitivities. The sensing mechanism has been analyzed in (1)- (6) . With other experiments, we can show that the changing of temperature (or magnetic field) has an unobvious influence on the sensitivity of magnetic field (or temperature). Utilizing the differential responsivities of dip wavelength and extinction ratio to external parameters, the magnetic field and temperature 
From (6) and (7), it is clear that the magnetic field and temperature variations can be achieved when the dip wavelength shift and the extinction ratio change are known, which shows potential applications in the simultaneous magnetic and temperature sensors. It should be noted that a vibration to the sensor device may introduce additional disturbance to the output spectrum. The structure should be kept stable to improve the measurement accuracy in practice.
Conclusion
In conclusion, we demonstrate an optical fiber sensor utilizing a single taper-based modal interferometer integrated with magnetic fluid and show the responsivities of the interferometric dip wavelength and the extinction ratio to external magnetic field and temperature. A full analysis to the sensing characteristics of the device is provided. Experiment indicates that the dip wavelength redshifts with the increasing of magnetic field and blueshifts with the increasing of temperature. The extinction ratio gradually decreases with the increasing of magnetic field and/or temperature with different sensitivities. Within the magnetic field range from 50 to 100 Oe, the measured sensitivities are 88.0 pm/Oe and −0.1419 dB/Oe for the dip wavelength and the extinction ratio, respectively. Within the temperature range from 30 to 80°C, the sensitivities are −282.67 pm/°C and −0.0528 dB/°C for the dip wavelength and the extinction ratio, respectively. Such different sensitivities suggest a possibility for us to realize the simultaneous measurement of magnetic field and temperature. The presented structure is featured with simplification, compactness, easy implementation, and high sensitivity.
